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We report a systematic first principles study on positron annihilation parameters in the β-Ga2O3
lattice and Ga mono-vacancy defects complemented with direction-dependent experiments of the
Doppler broadening of the positron-electron annihilation. We find that both the β-Ga2O3 lattice
and the considered defects exhibit colossal anisotropy in their Doppler broadening signals. This
anisotropy is associated with the unusual kind of low symmetry of the β-Ga2O3 crystal structure
that leads to one-dimensional confinement of positrons even in the delocalized state in the lattice. In
particular, the split Ga vacancies recently observed by scanning transmission electron microscopy
produce unusually anisotropic positron annihilation signals. We show that in experiments, the
positron annihilation signals in β-Ga2O3 samples are dominated by split Ga vacancies.
I. INTRODUCTION
β-Ga2O3 is a direct wide bandgap (4.9 eV) semicon-
ductor material with a high break-down electric field of
8 MV cm−1 and whose properties surpass those of GaN
and SiC from the point of view of UV and high power
applications [1]. As the already better characteristics are
combined with the economical advantage of the avail-
ability of large size bulk crystals, β-Ga2O3 has earned a
substantial research interest. The research efforts have
led to controllable n-type conductivity via doping with
Sn, Si or Ge [1] and unipolar field effect transistors and
Schottky diodes have been developed [2].
The rapid refinement of synthesis approaches of both
epitaxial and bulk β-Ga2O3 has led to the situation
where the crystalline quality of the material is no longer
the main concern. Instead, recent reviews on β-Ga2O3
point out that the identification and control of domi-
nating (point and extended) defects is the most impor-
tant step for further improvement of the properties of β-
Ga2O3 devices [1, 3]. The low symmetry of the β-Ga2O3
structure is accompanied with anisotropic thermal, elec-
trical and optical properties [4, 5]. Theoretical work sug-
gested already early on that the mono-vacancy defect of
the lowest formation energy in β-Ga2O3 is of a peculiar
type [6], where a cation atom neighbouring the cation
mono-vacancy relaxes to an interstitial site half-way to-
wards the vacancy [7, 8]. These “split” Ga vacancies in
which the open volume is split into two parts on either
side of the interstitial, have been recently experimentally
observed in infrared spectroscopy (hydrogenated form)
and scanning transmission electron microscopy (STEM)
studies [9, 10].
Positron annihilation spectroscopy is a non-destructive
method with selective sensitivity to neutral and nega-
tive vacancy-type defects, and second-order sensitivity
to negatively charged defects without open volume [11].
Thanks to these properties, positron annihilation meth-
ods have been successful in identifying the role of native
point defects in the electrical compensation of n-type
doped compound semiconductors such as GaN, ZnO,
AlN, InN and In2O3 [12–16], as well as their alloys such
as InGaN and AlGaN [17–22]. In spite of the otherwise
significant research interest in β-Ga2O3, the number of
reported studies with positron annihilation is surprisingly
low [23–25]. These studies suggest that cation vacancies
contribute to the compensation of n-type conductivity,
but also point out a potential difficulty in interpreting
the positron annihilation signals.
In this work, we address the primary difficulty in
studying defects with positron annihilation in β-Ga2O3,
manifested by a colossal anisotropy of measured Doppler
broadening signals. We present a comprehensive study
of positron annihilation signals in β-Ga2O3, made pos-
sible by recent developments in theoretical calculation
schemes. We show that the Doppler broadening sig-
nals emitted from positron-electron annihilations in β-
Ga2O3 are characterized by an anisotropy of unprece-
dented magnitude for 3D crystals, and by relatively small
differences between signals originating from the perfect
lattice and various types of vacancy defects. Together,
these effects cause the lattice and vacancy signals to over-
lap in a way that makes defect identification impossible
if exact sample orientations are not determined in the ex-
periments. A further complication arises from the lack of
suitable reference β-Ga2O3 material where the positron
annihilation data could be interpreted as originating from
the lattice only, typically referred to as ”defect-free ref-
erence”. Finally, by comparing to experiments, we show
that the colossal signal anisotropy – in particular the dif-
ferences in the nature of the ansitropy – contains infor-
mation that can be used for defect identification. We
provide evidence of the experimental positron annihila-
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2tion signals being dominated by the split Ga vacancies,
supporting the recent findings [6, 7, 9, 10]. It is likely
that different levels of hydrogenation of these split Ga
vacancies determine the level of electrical compensation
in n-type β-Ga2O3.
The remainder of this paper is organized as follows.
Section II gives a brief account of the modeling scheme.
In Section III, we calculate the positron annihilation sig-
nals in the β-Ga2O3 lattice and compare the observed
anisotropy to that in other semiconductor crystals. Sec-
tion IV presents the results obtained in 9 different va-
cancy defects, demonstrating the increase in anisotropy
of the signals and full overlap with the lattice signals. In
Section V we compare the calculated signal anisotropies
to those found in experiments, to find that the experi-
mental signals are most likely dominated by the split Ga
vacancy effects. The discussion in Section VI is divided
into two parts: in VI A we discuss the implications of our
findings on defect identification in β-Ga2O3 and in VI B
we discuss the physical origin of the observed anisotropy
in the positron annihilation signals. We summarize our
paper in Section VII. The Appendix provides the calcu-
lated ratio curves in all major lattice directions as well
as (S,W ) plots with alternative parametrization for the
benefit of future defect identification endeavours.
II. MODELING POSITRON STATES AND
ANNIHILATION IN β-GA2O3
We study the β-Ga2O3 lattice and its defects using
density-functional calculations and the Heyd-Scuseria-
Ernzerhof (HSE06) screened hybrid functional with a
modified fraction of Hartree-Fock exchange of 35% con-
sistent with earlier work [6], and include the semi-core Ga
3d electrons as explicit valence states. We use monoclinic
160-atom supercells to describe the previously considered
defect models [6, 7]. We apply the vasp code [26–28]
and its implementation of the projector augmented-wave
(PAW) method [29].
We model delocalized and trapped positrons and their
lifetimes using the two-component density functional the-
ory for electron-positron systems and approximating the
correlation potential and enhancement factor using the
local density approximation [30]. We assume that the
localized positron does not affect the average electron
density and apply the zero-positron-density limits of the
functionals. This method, which is justified for delocal-
ized positrons, has been shown to give also for local-
ized positrons results that are in agreement with more
self-consistent modeling [31]. We model the momentum
densities of annihilating electron-positron pairs using the
model by Alatalo and coworkers [32], a 2×2×2 Γ-centered
mesh and reconstructed PAW wave functions [33]. In or-
der to be able to compare with Doppler broadening ex-
periments, the 3-dimensional momentum density ρ(p) is
first projected into the desired crystal direction (as illus-
trated in Fig. 1) to give the Doppler spectrum,
ρ(pL) =
∫ ∫
ρ(p)dpxdpy, (1)
which is then convoluted with the experimental resolu-
tion function (a Gaussian with a full width at half max-
imum corresponding to 0.95 keV or 1.25 keV, in case
of two-detector coincidence and one-detector measure-
ments used to obtain the shape parameters (S,W ), re-
spectively.) In order to be able to consider the mono-
clinic cell and projections to any lattice direction (arbi-
trary pL), we have implemented in our code the tetra-
hedron projection algorithm of Matsumoto, Tokii and
Wakoh [34].
[100]
[010]
[001]
FIG. 1: Illustration of the projection direction pL with
respect to the experiment geometry.
III. POSITRONS IN THE β-GA2O3 LATTICE
β-Ga2O3 is the most stable phase of Ga2O3 and it has
a monoclinic crystal structure with relatively low sym-
metry. The primitive unit cell of β-Ga2O3 consists of 10
atoms but due to its difficult shape the standard conven-
tional unit cell is typically used. The standard conven-
tional unit cell is almost cubic apart from one angle of
103.7◦ (between the [100] and [001] lattice vectors) and
consists of 20 atoms (Fig. 2a). We use the standard con-
ventional unit cell throughout this paper, and refer to it
as the unit cell. Due to the non-orthogonal structure,
the lattice planes described by Miller indices (100) and
(001) are not parallel to the planes spanned by the lattice
vectors and, for the sake of simplicity, we define lattice
planes by the two lattice vectors spanning the plane.
The low symmetry of the lattice is well visible in the
atomic structure as the lattice appears clearly different
from all three lattice vector directions (see Fig. 2). Note
that the structure has open “channels” in the direction
of the [010] lattice vector while the cross sections per-
pendicular to the [100] and [001] lattice vectors appear
clearly denser. There are two inequivalent Ga atoms in
β-Ga2O3 with 4 and 6 nearest neighbour oxygen atoms
(Ga(1) and Ga(2), respectively) and three inequivalent
oxygen atoms. One of the rare symmetries β-Ga2O3 lat-
tice has is a 180◦ rotation with the [010] lattice direction
as the rotation axis. Following this symmetry, the unit
cell has all these five inequivalent atoms (two Ga and
three O) in two different orientations twice.
3(a) β-Ga2O3 unit cell
[100]
[001]
(b) cross section
perpendicular to [010]
[001]
[010]
(c) cross section
perpendicular to
[100]
[100]
[010]
(d) cross section
perpendicular to
[001]
FIG. 2: The standard conventional unit cell of β-Ga2O3
and cross sections perpendicular to lattice vectors [35].
The positron density of the delocalized state in the β-
Ga2O3 lattice is shown in Fig. 3 together with In2O3, Si
and ZnO for comparison. Interestingly, the positron den-
sity in the β-Ga2O3 lattice forms one-dimensional tubes
along the [010] lattice vector, while in the other 3D crys-
talline structures in Fig. 3 the positron density is rather
homogeneously distributed in all three dimensions. A
similar (but two-dimensional) delocalized positron state
is known to exist in layered lattice structures such as
graphite [38, 39], while one-dimensional positron states
have been proposed to exist in carbon nanotubes [40].
Fig. 4a shows the calculated momentum distribution
of annihilated electron-positron pairs (Doppler broad-
ened spectrum) in the [001] lattice direction of the β-
Ga2O3 lattice. The calculation for the missing Ga(1)
atom (Ga(1) vacancy), denoted by VGa1, is shown for
comparison. Changes in the Doppler spectrum are best
monitored by so-called ratio curves where the Doppler
spectra are normalized by a common reference spectrum
due to the differences being on the percent-level in a sig-
nal whose intensity covers several orders of magnitude.
Fig. 4b shows the calculated lattice Doppler spectra in
the [100] and [010] directions as well as the VGa1 spec-
trum in the [001] direction, all normalized by the lattice
spectrum in the [001] direction. The anisotropy prob-
lem manifests itself immediately: the lattice spectrum
in the [010] direction has very similar intensity in the
low momentum range (the S parameter region) as the
VGa1 spectrum in the [001] direction. In addition, the
high-momentum range, even if clearly different for these
two when presented as in Fig. 4a, becomes very similar
upon integration due the rapidly decreasing signal inten-
sity in the W parameter region. A detailed experimental
identification would require a well-specified experimental
reference spectrum that for β-Ga2O3 does not exist. The
(a) β-Ga2O3 (b) In2O3
(c) Si (d) ZnO
FIG. 3: Positron lattice state densities in β-Ga2O3,
In2O3, Si and ZnO (positron density in blue, oxygen
atoms in red) [36, 37]. Typically, the delocalized
positron lattice state is three-dimensional but in
β-Ga2O3 the positron density forms ”tubes” along the
[010] lattice vector.
differences between the lattice spectra in [001] and [100]
directions are clearly smaller.
Producing experimental ratio curves is slow due to lim-
ited count rates imposed by the coincidence detection of
annihilation photons. As a consequence, the shape of
the Doppler spectrum is often described with shape pa-
rameters (S,W ). These parameters are defined as the
fraction of annihilated electron-positron pairs in low (S)
and high (W ) momentum regions, shown as the shaded
areas in Fig. 4. The intensity of a Doppler spectrum de-
creases rapidly towards higher momenta (as seen in Fig.
4a), and especially in the W parameter region the first
half atomic units (a.u.) of the W window contain ap-
proximately half of the signal weight (number of counts
in the experiments) of the W parameter. Note that in
the ratio curves (Fig. 4b) the signal intensity is normal-
ized to 1 and the (relative) (S,W ) parameters cannot be
determined by directly integrating the data in the (S,W )
windows of a ratio plot.
The S parameter window is typically set in such a way
that approximately half of the distribution weight (half
of the counts in the experiment) is within the window
(Fig. 4), to retain the statistical accuracy of collecting
a large number of counts in the experiment. The lower
limit of the W parameter integration window is chosen
4FIG. 4: (a) Calculated Doppler spectra in the β-Ga2O3
lattice and VGa1 in the [001] lattice direction. The inset
shows a magnification of the S parameter region on the
linear scale. (b) Ratios of the calculated Doppler
spectra in the β-Ga2O3 lattice in the [100] and [010]
lattice directions, and VGa1 in the [001] lattice direction,
normalized by the lattice Doppler spectrum in the [001]
lattice direction. The shaded regions show the
integration windows of the (S,W ) parameters, and the
dotted vertical lines represent alternative (S,W )
parameter windows.
far enough from the peak center in order to have a min-
imal contribution from the ”free-electron” distribution
that dominates the S parameter region (see Fig. 7 of Ref.
11). However, pushing the lower limit of the W parame-
ter too far quickly deteriorates the statistical accuracy of
the parameter due to the close-to-exponentially decreas-
ing signal intensity in this range. The (S,W ) parameter
windows used in this work are shown in the figure with
shaded areas: the S parameter window ranges from 0 to
0.45 atomic units (a.u.) and the W window from 1.54
to 4.07 a.u. The dotted lines in Fig. 4b represent alter-
native (S,W ) windows, discussed in the Appendix. We
wish to stress that while the (S,W ) windows should be
optimized for each material [41], in practice they often
are not and ”standard” windows are used instead, and
the (S,W ) windows used in this work are similar to the
”standard” windows. At this point we also wish to point
out the fact that the (S,W ) parameters only describe
the shape of the Doppler spectrum, without any direct
physical interpretation.
(a) Full anisotropy of the S parameter with respect to the
β-Ga2O3 lattice vectors.
(b) The Doppler spectrum anisotropy in the (S,W ) plot.
FIG. 5: Anisotropy of the Doppler signal of the
β-Ga2O3 lattice. The full line, dashed line, and dotted
curves along the geodesics between the lattice directions
[001], [010] and [100] are the same in (a) and (b).
The full three-dimensional anisotropy of the S parame-
ter in the β-Ga2O3 lattice is shown in Fig. 5a. The high-
est S parameter lies in the [010] direction (S = 0.411)
and it decreases towards the plane spanned by the [100]
and [001] lattice vectors. At angles less than 45◦ from
the [010] lattice vector, the S parameter does not change
with rotation around the [010] lattice vector. At angles
higher than 45◦ from the [010] lattice vector the S pa-
rameters start to differ noticeably and, in the [100]-[001]
5plane (90◦ from [010]) the S parameter is the highest
in the vicinity of the [100] (S = 0.405) direction and
the smallest in the direction of the [001] lattice vector
(S = 0.403). While Fig. 5a may be visually appealing,
comparing the full three-dimensional anisotropies in this
way is not optimal. It turns out that the interesting
features of the (S,W ) parameters such as maxima and
minima tend to be located either at the lattice vector
directions or on the geodesics connecting them. Hence,
we limit our discussion to these directions, as shown in
Figs. 5a and 5b. The notation of Fig. 5b is used through-
out the discussion: the lattice directions [100], [010] and
[001] are represented by square, triangle and circle, and
the geodesics between [100] and [010] are described with
a full curve, between [010] and [001] with a dashed curve,
and between [001] and [100] with dotted curve, as they
appear on the sphere in Fig. 5a.
Figure 5b shows the (S,W ) parameters in the β-Ga2O3
lattice. The (S,W ) parameters in the [100] and [001] lat-
tice directions are very similar, the S parameters differ by
a factor of 1.005 and the W parameters are practically
identical, while the [010] direction has much higher S
and smaller W parameters. The extrema of the Doppler
signal anisotropy are approximately at the lattice vec-
tor directions. Along the geodesics between the lattice
vectors, (S,W ) deviate somewhat from linear interpola-
tion. The range of the Doppler signal anisotropy in the
β-Ga2O3 lattice is 1.000-1.020 in the S parameter and
0.97-1.00 in the W parameter for the selected integration
windows. We define the anisotropy range as the max-
imum and minimum S (W ) parameter divided by the
S (W ) of the β-Ga2O3 lattice in the [001] lattice direc-
tion (the direction of the smallest S parameter in the
β-Ga2O3 lattice). We use these values as the reference
(S,W ) point throughout the discussion.
TABLE I: Comparison of Doppler signal anisotropies in
lattice and monovacancy-lattice ratios in β-Ga2O3, GaN
and ZnO.
Lattice anisotropy Vacancy/lattice-ratio
S[010]/S[001] W[010]/W[001] S
vac
[001]/S[001] W
vac
[001]/W[001]
Ga2O3 1.020 0.97 1.020 0.96
Sa/Sc Wa/Wc S
vac
c /Sc W
vac
c /Wc
GaN 1.003 0.99 1.071 0.71
ZnO 1.004 1.00 1.057 0.82
It is worth noting that the Doppler broadening signals
from crystal lattices are anisotropic by nature and ob-
served in, e.g., Si [42] and ZnO [43], and that it is the
magnitude of the phenomenon that is unusual and causes
characterization difficulties in β-Ga2O3. Figure 6 shows
the calculated Doppler ratio curve anisotropies and the
monovacancy/lattice ratios for wurtzite GaN, wurtzite
ZnO and β-Ga2O3. It is clearly seen that the S parame-
FIG. 6: Doppler signal ratios for the lattice between
different projection directions as well as
monovacancy-lattice ratios in β-Ga2O3, GaN and ZnO.
ter region hardly changes when examined along the a or
c directions of the wurtzite lattice of GaN or ZnO, and,
while the differences are larger in the W parameter re-
gion, the ratio is still very close to unity. In contrast, the
monovacancy/lattice ratios are very different from the re-
spective lattice anisotropies both for VZn in ZnO and for
VGa in GaN.
Table I shows the changes in the values of the (S,W )
parameters for the lattice anisotropies and the mono-
vacancy/lattice comparisons. In GaN and ZnO, the
a/c-ratios of the lattice Doppler signal are less than
1.005 in the S and 0.99 in the W parameter, and the
anisotropies of the monovacancy signals in GaN and ZnO
are similar or smaller. The differences between monova-
cancy and lattice are more than tenfold compared to the
anisotropy in these two materials: the calculated mono-
vacancy/lattice ratio in GaN is 1.071 in the S and 0.71
in the W parameter, and in ZnO they are 1.057 and 0.82,
respectively. If the positron signal anisotropy is signifi-
cantly smaller than the vacancy/lattice signal ratio, the
anisotropy does not affect the interpretation of the exper-
imental results in practice and can be mostly disregarded
in the analysis. However, in β-Ga2O3, the monovacancy-
lattice signal ratio is much smaller than that in GaN
and ZnO, while the positron signal anisotropy in β-
Ga2O3 is an order of magnitude stronger than in GaN
or ZnO. Even in Si, where the difference between the
[100] and [110] lattice directions is larger than in the
wurtzite compounds [42], the anisotropy is vanishingly
6small compared to that found in β-Ga2O3. As a result,
the Doppler signal anisotropy is of the same magnitude
as the monovacancy/lattice-ratio implying that β-Ga2O3
needs to be treated differently than other semiconductor
materials.
IV. POSITRONS IN VACANCY DEFECTS OF
β-GA2O3
A. Structure of vacancies
In spite of β-Ga2O3 consisting of only two different el-
ements, it hosts a wide variety of different monovacancy-
size defects due to the inequivalent Ga and O sites.
As the oxygen monovacancies were found not to trap
positrons in the calculations as is usual for oxides due
the small size of the open volume [44], we focus on cation
monovacancies in the following. The two inequivalent Ga
atoms, the four-fold coordinated Ga(1) and the six-fold
coordinated Ga(2) of the β-Ga2O3 unit cell immediately
lead to two different Ga monovacancies VGa1 and VGa2.
The cation monovacancies in β-Ga2O3 have a special
property that the regular monovacancies, VGa1 and VGa2,
can relax into three different configurations V iaGa, V
ib
Ga and
V icGa [6, 7]. In the relaxation process, a neighbouring four-
fold coordinated Ga(1) atom relaxes inwards into the in-
terstitial space. The resulting split Ga vacancy has an
open volume on both sides of the center interstitial, re-
sulting in two ”half-vacancies”. The split Ga vacancy
V iaGa forms at Ga(1) and Ga(2) sites, while V
ib
Ga and V
ic
Ga
are formed by two Ga(1) sites, as illustrated in Fig. 7.
The split Ga vacancies classify as mono-vacancies as they
consist of only one missing atom.
FIG. 7: The structure of split-vacancies in β-Ga2O3
[35].
Due to the symmetry of the β-Ga2O3 lattice with re-
spect to the 180◦ rotation with [010] as the rotation axis,
all vacancy structures in β-Ga2O3 appear in these two
orientations. The Doppler broadening signal is intrinsi-
cally inversion symmetric, rendering the Doppler signals
of both orientations identical in the [010] lattice direction
and the [100]-[001] lattice plane, but does not cancel all
the differences in the directions between the [100]-[001]
lattice plane and the [010] lattice direction. The presence
of defects in these two orientations can be taken into ac-
count by calculating the Doppler broadening signal for
one of these orientations and applying a simple correc-
tion based on symmetry. Assuming that defects appear
with equal probability in both of these identical orien-
tations, a correction for the Doppler signal, DB, can be
calculated for any given direction with an angle α from
[100]-[001] lattice plane (see Fig. 8). The corrected sig-
nal DBcorr is a mirror average with respect to the [010]
lattice vector:
DBcorr(α) =
DBuncorr(α) +DBuncorr(pi − α)
2
, (2)
where DBuncorr stands for the uncorrected calculated sig-
nal.
FIG. 8: Illustration of the angle α in Eq. 2 for taking
account the Doppler signals of defects in two
orientations.
B. Positron states
We calculated the positron states in 9 cation vacancy
systems that can be divided into three groups: regular
mono-vacancies VGa1 and VGa2, split Ga vacancies V
ia
Ga,
V ibGa and V
ic
Ga, and hydrogenated split Ga vacancies V
ib
Ga-
1H, V ibGa-2H, V
ic
Ga-1H and V
ic
Ga-2H. We chose systems that
are simple and predicted to be energetically favorable
(V iaGa, V
ib
Ga, V
ic
Ga) [7], or suggested via experiments (V
ib
Ga,
V icGa, V
ib
Ga-2H) [9, 10]. At Fermi level close to the con-
duction band, the charge state of ”clean” cation mono-
vacancies is predicted as −3, after passivation with one
hydrogen (V ibGa-1H and V
ic
Ga-1H) the charge state is pre-
dicted as −2, and with 2 hydrogen atoms (V ibGa-2H and
V icGa-2H) the charge state is predicted as −1 [6, 7].
The calculated shapes of the density of the localized
positron state can be also divided into three groups. The
regular vacancies (VGa1 and VGa2) exhibit a sphere-like
positron density as is typical of large enough vacancy
defects, as illustrated in Fig. 9. In the case of vacan-
cies with two symmetric open volumes, V ibGa, V
ic
Ga, V
ib
Ga-
2H and V icGa-2H, the positron localizes in the calculation
equally into both half-vacancies. The positron density
bodies of two symmetric half-vacancies are connected
with a bridge of positron density with 5 % of the maxi-
7(a) VGa1 (b) V
ib
Ga (c) V
ib
Ga-1H (d) V
ib
Ga-2H
(e) VGa2 (f) V
ic
Ga (g) V
ic
Ga-1H (h) V
ic
Ga-2H
(i) V iaGa
FIG. 9: Positron density isosurfaces (dark blue) in
vacancies shown in the plane perpendicular to the
[010] lattice vector (spanned by the [100] and [001]
lattice vectors) [36, 37]. All isosurfaces represent the
same fraction from the maximum positron density.
mum density value. Hence the half-vacancies can be con-
sidered as being part of the same potential well (and not
two separate indistinguishable potential wells). In split
Ga vacancies where the symmetry is broken, V iaGa (differ-
ent Ga sites), V ibGa-1H or V
ic
Ga-1H, the positron localizes
into the larger open volume. In the case of V ibGa-1H and
V icGa-1H, the hydrogen occupies one of the half-vacancies
and the positron localizes into the other half-vacancy.
The positron density has a similar shape in these single-
hydrogen half-vacancies as in the respective split Ga va-
cancies without hydrogen. In the split Ga vacancies with
2 hydrogen atoms, V ibGa-2H and V
ic
Ga-2H, the hydrogen
atoms occupy both ”half-vacancies” making the situation
symmetric again. As the positive charge of the hydrogen
core occupies the center of the open volume it pushes the
positron away from the center, changing the location and
shape of the positron density compared to the split Ga
vacancies without hydrogen.
C. Positron lifetimes
The calculated measurable quantities, the positron life-
times (Table II) and Doppler broadening signals, follow
roughly the same division of shape of the positron den-
sities described in the previous section. The ”regular”
vacancies (VGa1 and VGa2) have the largest open volume
and exhibit longest positron lifetimes, 54 ps above the
calculated positron lifetime of 135 ps in the β-Ga2O3 lat-
tice. Due to historical naming conventions we denote the
positron lifetime in the lattice as τB where the subscript
B refers to ”bulk”. It should be noted that the predic-
tive power of the state-of-the-art theoretical calculations
in terms of the absolute scale of positron lifetimes (and
(S,W ) parameters) is low due to the different choices of
approximations resulting in a wide range of, e.g., lattice
lifetimes. Instead, differences between localized states
and the lattice state can be compared in great detail be-
tween experiment and theory [11].
In split Ga vacancies V iaGa, V
ib
Ga and V
ic
Ga, the remain-
ing open volume is smaller and the positron lifetime is
25 − 36 ps longer that in the lattice. The addition of a
8single hydrogen atom to V ibGa or V
ic
Ga makes the positron
to localize in the empty half of the split-vacancy with-
out major changes to the positron density distribution,
and the positron lifetime for V ibGa-1H and V
ic
Ga-1H is essen-
tially the same as for the same defects without hydrogen.
Adding a second hydrogen atom significantly reduces the
open volume and the resulting positron lifetimes for V ibGa-
2H and V icGa-2H are only 11− 15 ps longer than τB.
TABLE II: Calculated positron lifetimes and Doppler
broadening signal anisotropies. The anisotropy spans
are calculated dividing the maximum and minimum
(S,W ) parameters by the respective parameter of the
β-Ga2O3 lattice in the [001] direction.
Positron Anisotropy in
System lifetime (ps) S W
Lattice 135 1.000 - 1.020 0.97 - 1.00
VGa1 τB + 54 1.018 - 1.040 0.90 - 0.97
VGa2 τB + 54 1.022 - 1.038 0.91 - 0.96
V iaGa τB + 25 1.005 - 1.023 0.95 - 0.99
V ibGa τB + 32 0.998 - 1.032 0.93 - 1.02
V ibGa-1H τB + 27 0.991 - 1.031 0.92 - 1.05
V ibGa-2H τB + 11 1.002 - 1.023 0.93 - 0.99
V icGa τB + 36 0.998 - 1.031 0.92 - 1.03
V icGa-1H τB + 32 0.986 - 1.031 0.92 - 1.08
V icGa-2H τB + 15 0.999 - 1.026 0.92 - 1.00
VO1 does not trap positrons
VO2 does not trap positrons
VO3 does not trap positrons
D. Anisotropy of Doppler broadening signals
Figure 10 shows the calculated (S,W ) parameters of
the considered defects, normalized by the (S,W ) param-
eters of β-Ga2O3 in the [001] lattice direction (the di-
rection of the smallest S parameter in the β-Ga2O3 lat-
tice). The figure uses the notation introduced in Fig. 5
for square, triangle and circle to represent [100], [010]
and [001] lattice directions, respectively, and full, dashed
and dotted curves to represent (S,W ) parameters on the
geodesics between the [100] and [010], [010] and [001],
and [001] and [100] directions, respectively. The grey
shadow illustrates the (S,W ) of the β-Ga2O3 lattice
(from Fig. 5). The β-Ga2O3 lattice and all the considered
defects have their maximum S parameters in the [010] di-
rection, while the smallest S parameter lies in [100]-[001]
plane, in most cases in the vicinity of the [001] lattice
direction. The defect ratio curves for the different di-
rections are shown in the Appendix. They exhibit the
same general behavior as the (S,W ) parameters and are
not discussed here in more detail as their correct use in
defect identification requires a well-defined experimen-
tal reference sample. Figure 10 visualizes the anisotropy
issue already evident from the (S,W ) parameter values
FIG. 10: The calculated (S,W ) parameters in vacancies
normalized to (S,W ) parameters of β-Ga2O3 lattice in
the [001] lattice direction. The grey shadow illustrates
the (S,W ) parameters of the β-Ga2O3 lattice from Fig.
5. The same notation is used for full, dashed and dotted
curves to show (S,W ) parameters on the geodesics
between [100] and [010], [010] and [001], and [001] and
[100], respectively.
9shown in Table II. All of the considered vacancy defects
exhibit at least as large an anisotropy in the Doppler sig-
nals as the β-Ga2O3 lattice, in contrast to what has been
experimentally observed and/or theoretically calculated
for materials such as Si, GaN, and ZnO where vacancies
exhibit similar or smaller magnitude of anisotropy as the
lattice [43, 45]. In addition, the (S,W ) parameters of
many of the defects completely overlap with those of the
β-Ga2O3 lattice.
The most distinct shape of anisotropies is exhibited by
VGa1, VGa2 and V
ia
Ga as their collection of (S,W ) param-
eters reminds a right-pointing triangle (Fig. 10). The
VGa1 and VGa2 have the highest S parameters of the
monovacancy-sized defects and their S parameters span
roughly from 1.02 to 1.04, see Table II. The two regular
mono-vacancies share the same (S,W ) parameters in the
[010] lattice direction, while in the [100] and [001] direc-
tions the anisotropy of their Doppler parameters has a
different shape and the minimum and maximum S pa-
rameters in the [100]-[001] plane are in different lattice
directions. The shape of the anisotropy of V iaGa reminds
VGa2 but V
ia
Ga has smaller S and higher W parameters
and it almost fully overlaps with the β-Ga2O3 lattice,
wiht the S parameter spanning from 1.005 to 1.023.
A second recognizable group is defects with anisotropy
along the diagonal, namely the split Ga vacancies V ibGa
and V icGa together with their singly hydrogenated versions
V ibGa-1H and V
ic
Ga-1H (see Figs. 10b and 10c). The cal-
culated Doppler broadening results predict that in the
[100]-[001] plane their (S,W ) parameters swing all the
way from the smallest S parameter up to almost the max-
imum S parameter in the [010] lattice direction. The V ibGa,
V icGa, V
ib
Ga-1H and V
ic
Ga-1H have the same (S,W ) parame-
ters in the [010] lattice direction. The (S,W ) parameters
of the split Ga vacancies V ibGa and V
ic
Ga (Fig 10b) span
from 0.998 to 1.032 in S and from 0.92 to 1.03 in W ,
covering the (S,W ) range of the β-Ga2O3 lattice com-
pletely. They also overlap with each other very strongly.
However, in the [100]-[001] plane V ibGa has the smallest
S parameter close to the [001] direction and maximum
in [100] whereas V icGa reaches similar (S,W ) parameter
values but in directions which are rotated 45◦ from the
[100] lattice vector towards the [001] lattice vector. The
(S,W ) parameters in V icGa in the [100] and [001] lattice
directions are roughly in the middle of the total (S,W )
parameter range of the [100]-[001] plane.
Adding one hydrogen to the split Ga vacancies V ibGa
and V icGa localizes the positron to only one of the half-
vacancies without dramatically changing the shape of
the positron density and with only a minor effect on the
positron lifetime. In Doppler broadening results, the ad-
dition of one hydrogen increases the anisotropy span but
keeps the (S,W ) parameters of the [010] lattice direc-
tion intact. The (S,W ) parameters of the [100] and [001]
lattice directions, and the whole [100]-[001] plane, are
spread towards smaller S and larger W parameters. V icGa-
1H is found to have the smallest S parameter (0.986), sig-
nificantly smaller than that in the β-Ga2O3 lattice, and
the S parameters of V ibGa-1H and V
ic
Ga-1H span from 0.991
to 1.031. Adding a second hydrogen atom changes the
shape of anisotropy of V ibGa-2H and V
ic
Ga-2H and they be-
come almost indistinguishable. Their shape of anisotropy
is somewhat similar to the β-Ga2O3 lattice but they do
not overlap with the lattice (S,W ) parameters. The
whole range of the anisotropy is still much larger than
in the lattice, and the S parameter spans roughly from
1.00 to 1.025.
V. COMPARISON TO EXPERIMENTS
We compare the results of our theoretical calculations
to experimental results obtained in two semi-insulating
single crystal β-Ga2O3 bulk samples (S1 and S2 in the
following) that are grown by the Czochralski method and
doped with Mg [25, 46]. The surface of the plate-like sam-
ple S1 is in the (100) crystal plane and the surface of S2 in
the (010) plane. To exclude possible experimental arte-
facts, the Doppler broadening of the positron-electron
annihilation radiation was measured in the samples in
two different ways, with a slow positron beam and with
a fast positron setup.
The fast positron measurements were performed on
two identical pieces of S1 in the three lattice directions
of the standard conventional unit cell of β-Ga2O3, and
along the geodesics connecting the lattice directions with
a 10◦ step. In the fast positron setup, a high-purity
Ge (HPGe) detector with energy resolution of 1.15 keV
at 511 keV was used to record the annihilation photons
emitted from two sample pieces with a positron source
sandwiched in between. The positron source with 1 MBq
of activity was composed of 22Na encapsulated in 1.5 µm
thick Al-foil. The amount of source annihilations was de-
termined with positron lifetime measurements (not dis-
cussed in detail in this work) to be less than 4 %. The
distance between the sample-source sandwich and the de-
tector was 35 cm yielding an angular resolution of about
10◦ as defined by the solid angle covered by the de-
tector crystal. The crystal orientations of the samples
were determined by X-ray diffraction measurements. The
sample-source sandwich was rotated to collect annihila-
tion spectra in all desired directions. The (S,W ) param-
eter windows were set as 0 − 0.45 a.u. for the S and to
1.54 − 4.07 a.u. for the W parameter. A total of 106
counts was recorded for each spectrum.
In the slow positron beam experiments, two unspeci-
fied perpendicular directions within the surface plane of
the sample were measured in samples S1 and S2 [25] with
two HPGe detectors that have an energy resolution of
1.25 keV at 511 keV. In S1, the measurement directions
were in the plane spanned by the [010] and [001] lattice
vectors, while for S2, the measurements were performed
in the plane spanned by the [100] and [001] lattice vectors.
The aspect ratio is clearly different from the fast positron
setup as the detectors are only at a distance of roughly
3 cm from the sample. The (S,W ) parameter values were
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acquired at positron implantation energy of 25 keV, cor-
responding to mean stopping depth 1.2 µm, so that the
back-diffusion generated annihilations at the surface do
not affect the data. The same (S,W ) parameter windows
were applied as in the fast positron experiments.
FIG. 11: Experimental (S,W ) parameters of the
studied β-Ga2O3 samples. The grey shadow illustrates
the calculated (S,W ) parameters of V icGa-1H, the defect
with the largest anisotropy, as shown in Fig. 10. (a)
Standard fast positron measurement of sample S1 in the
lattice vector directions and on the geodesics between
them with the notation introduced in Fig. 5. (b)
Sample S1 (100) and S2 (010) measured with a slow
positron beam at an acceleration voltage of 25 kV. Two
directions perpendicular to the sample surface normal
were measured for both samples.
The results of the fast positron measurements are
shown in Fig. 11a. The experimental (S,W ) parame-
ter values in the lattice directions [100], [010] and [001],
and along the geodesics between them, behave almost
linearly. The (S,W ) parameters of the [100] and [001]
directions are rather close to each other while the [010] di-
rection has clearly the highest S parameter. The positron
beam measurement shows features similar to the fast
positron measurement (Fig. 11b). It is natural that
the absolute (S,W ) parameter values differ from the fast
positron measurement: these two experiments were done
in different setups with different detectors and measure-
ment geometries. In addition, in the fast positron mea-
surement there is a .4 % isotropic source contribution to
the annihilations. The measurement directions 1 and 2
of sample S1 share a close resemblance to the [100] and
[010] lattice directions of the fast positron experiment,
respectively. The ratio of the (S,W ) parameters of di-
rections 1 and 2 are 1.023 for the S and 0.90 for the W
parameter, while the corresponding ratios of [100] and
[010] crystal directions in the fast positron measurement
are 1.025 and 0.90, respectively. This suggests that the
directions 1 and 2 of sample S1 are close to [100] and
[010] lattice directions. In sample S2, directions 3 and 4
differ less than [100] and [001] suggesting that the mea-
surement directions are slightly off from [100] and [001]
lattice directions.
The overall magnitude of the anisotropy observed in
the positron beam measurement (S1 direction 2, S2 di-
rection 3) is 1.033 for the S and 0.89 for the W param-
eter. This is similar in the fast positron measurement of
sample S1, where the overall magnitude is 1.035 for the
S and 0.84 for the W parameter. Here the anisotropy
is defined as the largest (smallest) S (W ) parameter di-
vided by the smallest (largest) S (W ) parameter. Fig-
ure 11 also shows the theoretically calculated (S,W ) pa-
rameter of V icGa-1H, the defect with the largest overall
anisotropy, with a grey shadow and grey markers along
the lattice vectors. As discussed in previous sections, the
lack of reference β-Ga2O3 material prevents normalizing
the experimental (S,W ) parameters, and the compari-
son of normalized theoretical and experimental (S,W )
parameters. Instead, we shifted the (S,W ) parameters
of the theoretical calculations so that the [010] lattice
direction matches the maximum S (and minimum W )
parameter of the experiments. The operation does not
affect the shape or relative magnitude of the anisotropy
and allows us to compare the experimental and theoreti-
cal anisotropies. Clearly the scale of the anisotropy in the
Doppler signals is the same in experiments and theory,
and an order of magnitude higher than observed in other
semiconductors [42, 43], comparable to the anisotropy in
graphite [38]. Interestingly, the experimental anisotropy
is comparable in magnitude to that in V icGa-1H, which is
three times larger than that of the β-Ga2O3 lattice. Note
that the defect predicted to have the lowest formation
energy [6], namely the V ibGa-2H, has an overall anisotropy
that is twice that of the β-Ga2O3 lattice, but somewhat
smaller than the experimental anisotropy. These obser-
vations suggest that the single crystal β-Ga2O3 samples
contain high concentrations of (hydrogenated) split Ga
vacancies.
Figure 11 shows that from the point of view of the
anisotropy of the Doppler signals, experiment and theory
are in excellent agreement in three aspects: (i) the max-
imum S (minimum W ) are found in the [010] direction,
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(ii) the general shape of the anisotropy follows the same
trend and (iii) the overall magnitude of the anisotropy
is colossal compared to other studied 3D semiconduc-
tor crystals. There is, however, a small but systematic
difference that needs to be addressed. The calculations
predict the S parameter in the [001] lattice direction to
be smaller than in the [100] direction for nearly all of the
considered defects, while the positron experiments (in-
cluding also our unpublished results) consistently show
the [100] lattice direction to have lower S parameter than
the [001] direction. In both experiment and theory, the
[100] and [001] directions are similar in the sense that
they produce (S,W ) parameters that are quite close to
each other and clearly far away from the [010] direction.
We found that if the positron signals are calculated using
different published β-Ga2O3 unit cells, the (S,W ) pa-
rameters of the [100] and [001] lattice directions change
to a certain degree. This is illustrated in Fig. 12 where
we show the calculated Doppler signals in the β-Ga2O3
lattice using the computationally determined unit cell [6]
used throughout this work and in an experimental unit
cell determined in Ref. 47. The exact locations of atoms
in these two unit cells are slightly different and, unlike
in materials with cubic or hexagonal crystal structures,
ideal atomic structures based on symmetry cannot be
used.
We assign the slight discrepancy between theory and
experiments in the relative (S,W ) parameters in the [100]
and [001] lattice directions to the apparent sensitivity of
the Doppler signal in these lattice directions to the exact
structure of the unit cell used in calculation. Clearly de-
tailed X-ray experiments are needed on state-of-the-art
β-Ga2O3 materials to resolve the exact crystal structure,
which may not be the same for, e.g., strained thin films
and single crystals. Also, when comparing directly ex-
perimental and theoretical (S,W ) results resulting from
rotating the sample, we have to stress that even though
we take into account the experimental energy resolution
of the detectors, our simulations do no yet account for
the finite size of the detectors and integration over a fi-
nite solid angle especially in measurements made with
slow positron beams. Including the effect of a proper
angular resolution function in modeling can be expected
to smoothen the behavior of the (S,W ) values in graphs
such as Fig. 10 and limit the extrema especially if they
occur only in specific directions covered by a small solid
angle (see, for example, Fig. 5a).
VI. DISCUSSION
The colossal anisotropy of positron-electron momen-
tum distributions in β-Ga2O3 that leads to strongly
direction-dependent data in Doppler broadening exper-
iments is prone to produce incomprehensible results if its
existence is neglected. Even when taken into account,
the strong overlap of vacancy and lattice (S,W ) param-
eters makes interpreting the results challenging. If the
FIG. 12: The Doppler signals calculated in the
β-Ga2O3 lattice using two different unit cells, a
computational [6] and experimental unit cell [47]. The
slightly different atomic locations lead to differences in
calculations in the [001] and [100] directions.
exact sample orientation (with respect to the crystal lat-
tice) is not known in experiments, there is a severe risk
of erroneous conclusions. For example, the (S,W ) pa-
rameter values near the β-Ga2O3 lattice signal in the
[010] direction can also originate from many of the de-
fects considered in this work, if measured in a suitable
lattice direction. In addition, as seen in Fig. 10, most of
the defect-related and anisotropy-related phenomena are
aligned on the same diagonal in the (S,W ) plane, mak-
ing their distinction impossible if the experiments are
not carefully designed. Comparing Doppler broadening
results in β-Ga2O3 samples makes sense only when care
is taken to measure all samples in the exact same lat-
tice direction, a precaution that is not necessary in other
semiconductors.
In spite of all the difficulties, the colossal anisotropy
brings also benefits. The differently behaving anisotropy
for the different types of vacancy defects may be used for
defect identification, in particular when a suitable ref-
erence (a sample that could be interpreted to produce
positron annihilation signals representing the β-Ga2O3
lattice) does not exist and detailed identification via rel-
ative (S,W ) parameters or ratio curves is not possible.
In the following, we discuss how to take advantage of
the colossal anisotropy and also try to shed light on its
origins.
A. Defect identification
The strong vacancy-lattice overlap and colossal
anisotropy of the Doppler broadening signals make defect
identification difficult even if the experimental (S,W ) pa-
rameters of the lattice were available. It is important to
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keep in mind that positron annihilation spectroscopy is a
comparative methodology in the sense that detailed de-
fect identification and quantification relies on the avail-
ability of reference material where positrons annihilate
predominantly in the delocalized state in the lattice, that
is where no positron trapping at vacancy defects is ob-
served. Identification of such a piece of reference material
requires (i) that the positron lifetime spectrum has only
one component, (ii) that this lifetime is reasonable (short
enough) compared to the atomic and mass densities of
the material, (iii) that the temperature dependence of
the positron lifetime is negligible, and potentially only
shows effects from thermal expansion of the lattice, (iv)
that the positron diffusion length (when it can be deter-
mined) is long enough, close to 200 nm, and (v) that the
other physical characteristics of the sample are such that
it is reasonable to interpret the situation as one where the
overall concentration of neutral and negative vacancy-
type defects is clearly less than ∼ 1016 cm−3. So far, sys-
tematic studies of the positron lifetime in β-Ga2O3 have
not been performed, and only conditions (i) and (ii) are
fulfilled: β-Ga2O3 single crystals have been reported to
show a single positron lifetime component measured at
room temperature of about 175 − 180 ps [23, 24]. We
proceed without assuming the knowledge of the experi-
mental (S,W ) parameters of the β-Ga2O3 lattice.
We start comparing the experimental (S,W ) param-
eters (Fig. 11) to the calculated (S,W ) parameters
(Fig. 10) by observing that the magnitude of the experi-
mental anisotropy is 1.035 for S and 0.84 for the W pa-
rameter, almost double the S anisotropy and 5-fold the
W anisotropy calculated for the β-Ga2O3 lattice. This
strongly suggests that the experimental positron data ob-
tained in the β-Ga2O3 single crystal (that only shows
a single lifetime component of ∼ 185 ps) is dominated
by defect signals, which means that the concentration
of positron-trapping vacancy defects in the sample is at
least ∼ 1018 cm−3. We discard the possibility of a major
contribution from VGa1, VGa2 and V
ia
Ga in the experimen-
tal data as the shape of the anisotropy is clearly differ-
ent. Fig. 11 shows the calculated (S,W ) parameters of
the defect with the largest anisotropy, V icGa-1H, as a grey
shadow. The shape of the experimental anisotropy is
close to the shape of all the other calculated defects, that
is split Ga vacancies of ib and ic type, with and without
hydrogen. In the experimental results, the (S,W ) pa-
rameters in the [100] and [001] lattice directions are much
closer to each other than the parameters in the [010] di-
rection, which suggests that the experimental data re-
semble more the V icGa -type split Ga vacancies. However,
as the calculated (S,W ) parameters vary a lot along the
geodesics connecting [100] and [001] in the V ibGa-type split
Ga vacancies, this is not as strong an argument as the one
ruling out the first set of defects. The magnitude of the
calculated anisotropy for the doubly hydrogenated split
Ga vacancies is smaller than that in the experiments,
suggesting that the dominant contribution to the experi-
mental data could indeed come from the clean and singly
FIG. 13: Calculated (S,W ) parameters in the β-Ga2O3
lattice and the vacancy defects sorted in (a) [001], (b)
[010] and (c) [100] lattice directions to illustrate the
different behaviour in slow positron beam experiments
in selected directions. The (S,W ) parameters are
normalized to the (S,W ) parameters of β-Ga2O3 lattice
in the [001] lattice direction. The lines are drawn to
guide the eye.
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hydrogenated split Ga vacancies. The assignment of ex-
perimentally observed anisotropy of the Doppler signals
to V icGa-related defects is also supported by the recent the-
oretical and experimental work: V icGa has been predicted
to have the lowest formation energy among clean mono-
vacancy type defects [7], and the existence of V icGa was
observed with STEM [10]. The fact that these defects
could be found by STEM agrees well with the estimate
from positron annihilation: in both experiments, the split
Ga vacancy concentration needs to be at least 1018 cm−3.
Performing positron experiments in multiple orienta-
tions to detect the anisotropy is not always feasible due
to time constraints, or even possible. For example, in
slow positron beam studies the measurement geometry
is fixed, typically allowing for experiments either in the
plane of the sample surface or perpendicular to it, but
not both. Measuring multiple orientations with a slow
positron beam for several samples is excessively time con-
suming. In addition, the angular resolution in such ex-
periments is poor due to the short sample-detector dis-
tance. Hence, measuring two perpendicular directions is
a reasonable approach for utilizing the positron signal
anisotropy in slow positron beam studies. The surface
orientation of the samples is relevant for positron studies,
and it is important to know the in-plane orientation as
well in order to choose the appropriate measurement ge-
ometry. Figure 13 illustrates how the normalized (S,W )
of β-Ga2O3 lattice and defects behave in the [001], [010]
and [100] lattice directions. The calculated (S,W ) pa-
rameters in those lattice directions have different over-
all trends and magnitudes of differences between defects
vary. The regular mono-vacancies VGa1 and VGa2 show
the largest S parameter in all lattice directions the rela-
tive positions of the (S,W ) parameters of the other de-
fects change from one direction to another.
The trends of the (S,W ) parameters in the [001] and
[100] lattice directions are rather similar and follow a
diagonal line. As discussed in the previous section, the
details of the relative (S,W ) parameter positions in these
two directions may depend on the exact atomic positions
in the unit cell. There is, however, an important aspect
that can be seen in the [001] data in Fig. 13a and is even
more pronounced in Fig. 10: some of the defects, such
as V ibGa-H and V
ic
Ga-H, are characterised by a shift of the
(S,W ) parameters towards the upper left corner from the
β-Ga2O3 lattice point, even when measured in the same
direction. This needs to be taken into account when at-
tempting an interpretation of experimental positron data
in β-Ga2O3, as usually the lattice produces the lowest
S and highest W parameters. The reason for this un-
usual behavior is discussed in the Appendix. In the [010]
direction, the (S,W ) parameters of the defects behave
completely differently and set on an nearly horizontal
line (excluding V iaGa) where the S parameter roughly fol-
lows the lifetime and the size of the open volume. Im-
portantly, the (S,W ) parameters of the defects are no
longer aligned with those of the lattice, providing addi-
tional means for distinguishing defect-related phenomena
from anisotropy-related phenomena in the experimental
data.
It is worth considering the interpretations and discus-
sion of the experimental results presented in Refs. 24
and 25 in the light of our theoretical calculations. Most
of the experimental data in those reports were measured
with a slow positron beam in thin films grown on (100)
oriented β-Ga2O3 substrates. After the publication of
those reports, it was found that the measurements were
performed in a ”low-S” direction that probably is close to
the [001] lattice direction (as the other direction in that
plane is [010], a ”high-S” direction). The (S,W ) data in
Refs. 24 and 25 fall on the dashed line (or its extension)
presented in Fig. 13a, if the ”bulk” measurement data
point is associated to any of the ib or ic type split Ga
vacancies or the lattice. The data points in the Si-doped
thin film samples studied in Ref. 24 are somewhat fur-
ther away from the bulk point than the VGa1 VGa2, while
the Sn-doped and undoped thin film samples (Ref. 25)
are all very close to the bulk point. In those reports this
behavior of the data is associated to different levels of
hydrogenation of the samples due to different precursors
in the synthesis. Our results on the split Ga vacancies
bring more detail to this interpretation. We suggest that
in the Sn-doped and undoped β-Ga2O3 thin films the
positron data are dominated by (hydrogenated) split Ga
vacancies, in line with the directional dependence of the
signals seen in Ref. 25 and the Sn-type split Ga vacan-
cies observed in Ref. 10, where Sn substitutes for the Ga
atom relaxing to the interstitial position. This relaxation
does not happen when Si substitutes for Ga [6, 7], and
allows for the formation of regular Ga mono-vacancies ob-
served in the experiments. This interpretation answers
the question raised in those reports concerning the low
formation energy of Ga vacancies - indeed experiments
indicate that Ga vacancies are abundant in all β-Ga2O3
samples. Further, recent calculations [48] predict that
the split Ga vacancies can accommodate three H atoms
and become neutral and non-compensating. This pro-
vides a plausible solution to the electrical compensation
question: split Ga vacancies are present at high concen-
trations in n-type material, but they only act as efficient
compensating centers when not strongly hydrogenated.
B. Anisotropies of the positron density and
annihilation radiation
The momentum density of annihilating pairs mea-
sured in a Doppler broadening experiment reflects the
anisotropy present in the ionic and electronic structures
of the lattice. It can be viewed as the electron momen-
tum density ”as seen by the positron”. The possible
anisotropy of the annihilation signal of the delocalized
lattice state is affected by a number of factors, including:
1. The electron momentum density of the host lattice
(in the absence of any positrons, as in X-ray Comp-
ton scattering experiments [33]). The anisotropy of
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the lattice itself can result in an anisotropic elec-
tron momentum density.
2. The momentum density of the positron. Confine-
ment in one or more directions can lead to a corre-
sponding broadening.
3. The positron density distribution in the lattice and
its overlap with the electronic orbitals. In the de-
localized state in a defect-free lattice, the positron
probes the interstitial region far away from the re-
pulsive nuclei. When localized at a vacancy in β-
Ga2O3 the annihilation occurs mainly with valence
electron states of the neighboring atoms. Both Ga
3d and O 2s/p states have a rather broad momen-
tum distribution.
4. Electron-positron correlation effects.
The β-Ga2O3 structure has a low symmetry compared
to many well-known systems with anisotropic positron
signals such as Si in the diamond lattice structure. As
noted above, the positron density distribution is rather
anisotropic and runs along the tubes in the [010] direc-
tion. In Si the positrons also favor specific channels along
the {110} directions (see Fig. 3c) but the intersecting
tubes and the annihilating pair momentum density re-
tain the cubic symmetry of the lattice. On the other
hand, point defects in β-Ga2O3 occur only in specific ori-
entations (see, for example, Fig. 7) and their anisotropic
fingerprints do not average out to a more isotropic spec-
trum. This can be compared to, for example, a vacancy-
donor pair in Si, which has 4 possible symmetric orienta-
tions occurring randomly in a real sample. In conclusion,
for single crystals, in which the positron signal is not aver-
aged between differently oriented grains, the anisotropy
of the signal of any β-Ga2O3 sample naturally follows
from the structure of the lattice and the simple point
defects.
For a positron delocalized in the β-Ga2O3 lattice, we
have analyzed the points 1 and 2 of the above list in
detail. First of all, we have calculated the electron mo-
mentum density and the Compton profiles within the
independent-particle model and impulse approximation
in full consistence with our positron modeling. This is
equivalent to setting the positron orbital to a constant
and neglecting the enhancement factors in the model [32]
we use for the momentum density of annihilating pairs.
Second, we analyze the positron momentum density (the
Fourier coefficients of the orbital) in order to understand
if the anisotropy of the positron orbital alone could in-
crease the anisotropy of the momentum density of anni-
hilating pairs. The Compton profile lineshapes (S and
W type parameters extracted from the profiles) turn out
to reflect the same kind of anisotropy as the Doppler
spectra in the β-Ga2O3 lattice, which implies that the
lattice state anisotropy is an inherent property of the
β-Ga2O3 electronic structure. According to the Fourier
components of the positron orbital, the positron is ”free”
along the [010] direction and confined in the perpendicu-
lar directions (see Fig. 3c), as in the perpendicular direc-
tions the positron momentum density displays a broad-
ening. The anisotropic nature of the positron momentum
density has a role in determining the full anisotropy, as
the momentum density of annihilating pairs is approxi-
mately the electron momentum density convoluted with
the positron momentum density. Also, the positron den-
sity gives a larger weight to the outermost valence or-
bitals of ions in the interstitial region of the lattice, where
the electron-positron correlations have the strongest ef-
fects. Separating and quantifying the roles of these mech-
anisms is, however, difficult.
In the case of defects trapping the positron, the
Doppler broadening measures the electron-momentum
density at the annihilation site but the confinement of the
positron might also play a role. We find that the shape
of the positron density is correlated to the (S,W ) param-
eters in β-Ga2O3 in an intriguing way. In the β-Ga2O3
lattice and defects, the overall highest S parameters (and
typically the lowest W parameters) are found in the [010]
lattice direction. This direction corresponds to the open
structure and the least dense lattice planes (Fig. 2) and
to the direction along which the tubular positron states
are formed in the β-Ga2O3 lattice (Fig. 3). Interestingly,
in the [100]-[001] plane the local extrema of the (S,W )
parameters are not found in ”high-symmetry” [100] and
[001] lattice directions in all cases. This is particularly
visible in V ibGa and V
ic
Ga that are very similar defects: their
structures differ mainly by a rotation of ∼105◦ (Fig. 7)
and their positron lifetimes are essentially the same (Ta-
ble II). However, the directions of the local maxima and
minima of the (S,W ) parameters in the [100]-[001] lattice
plane differ by ∼45◦.
The directions of the local (S,W ) parameter extrema
in the [100]-[001] plane are correlated with the direction
of the longitudinal axis of the the positron density in
all defects where the positron density has a clearly non-
spherical shape. The minima of the S parameter in the
[100]-[001] plane are rotated by 90◦ from the in-plane S
parameter maxima, and hence correlated with the ”nar-
row axis” of the positron density. These correlations
are best visible in V ibGa and V
ic
Ga, and in particular when
adding a second hydrogen to V ibGa. The maximum S pa-
rameter in the [100]-[001] plane in V ibGa and V
ib
Ga-1H is
in the [100] direction while the longitudinal axis of their
positron densities point is aligned with the [100] lattice
direction as well. The maximum S parameter of V icGa,
V icGa-1H and V
ic
Ga-2H in the [100]-[001] plane is found ro-
tated by 45◦ from [100] towards the [001] lattice vector,
as does the longitudinal axes of their positron densities.
Adding a second hydrogen to V ibGa-2H rotates the positron
density by approximately 45◦ from the [100] lattice vec-
tor towards [001], parallel to positron densities in the V icGa
defects. The local (S,W ) parameter extrema for V ibGa-2H
are in the same directions as for V icGa-2H.
The correlation between the shape of the positron den-
sity and the Doppler broadening parameters is consistent
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with the following mechanism. An elongated positron
density in a certain direction indicates less localization
in this spatial dimension. Less localization in real space
goes hand-in-hand with a stronger localization in momen-
tum space, that is a narrower momentum distribution.
However, we point out that also the local ionic structure
and its orientation plays a role. In any case, for localized
positrons the overall anisotropy of the Doppler signals
increases by a factor of up to 2-3 in the ib and ic type
split Ga vacancies.
Another manifestation of large anisotropy in positron
annihilation radiation of a reduced symmetry system is
the case of graphite [49], in which the positron is confined
in 2D states between the sheets and samples predomi-
nantly the pz orbitals of the carbon atoms, giving rise
to a similar bimodal structure in the momentum density
of annihilating pairs and a strong anisotropic Doppler
spectra. This comparison to graphite demonstrates that
the colossal magnitude of the anisotropic features in the
Doppler broadening in β-Ga2O3 is only colossal when
compared to typical widely studied semiconductors such
as Si, GaAs, GaN or ZnO with high-symmetry crystal
structures. Two-dimensional and in the case of β-Ga2O3
one-dimensional positron states should perhaps be ex-
pected to produce anisotropic Doppler broadening sig-
nals, and the exact nature of the positron state in a given
crystal structure can only be determined by performing
advanced theoretical calculations. Finally, it should be
noted that the strongly one-dimensional positron state
in the β-Ga2O3 lattice suggests that positron diffusion
might be significantly faster along the [010] lattice direc-
tion than in the other directions. This should be consid-
ered in detail in future experiments.
VII. SUMMARY
Inspired by the colossal anisotropy in the Doppler
broadening parameters measured in β-Ga2O3, we present
a comprehensive theoretical study of positron annihila-
tion signals in the β-Ga2O3 lattice and the various Ga
mono-vacancy defects that this lattice is able to host.
We also performed systematic angle-resolved Doppler
broadening experiments that confirm the findings ob-
tained by the state-of-the-art calculations of the positron
states and positron-electron annihilation parameters. We
address the primary difficulty in studying defects with
positron annihilation in β-Ga2O3, caused by a combina-
tion of (i) signal anisotropy of unprecedented magnitude
for 3D crystals and (ii) relatively small differences be-
tween signals β-Ga2O3 lattice and the various types of
Ga mono-vacancy defects. In essence, the positron signal
anisotropy in β-Ga2O3 is larger than the difference be-
tween lattice and vacancy signals and the (S,W ) param-
eters of β-Ga2O3 lattice and vacancies overlap strongly.
The unusual symmetry properties of the monoclinic
β-Ga2O3 lattice are at the origin of the anisotropy and
the defect identification difficulties in several ways. First,
the delocalized positron state in the β-Ga2O3 lattice is
found to form one-dimensional tubes along the [010] lat-
tice direction, in contrast to three-dimensionally delo-
calized positron states in more typical crystal structures
with cubic or hexagonal symmetry. This leads to 5-10-
fold differences of the (S,W ) parameters measured along
different lattice directions compared to those found in,
for example, Si or ZnO. Second, energetically favorable
configurations of Ga mono-vacancies involve strong relax-
ations leading to highly non-symmetric split Ga vacancy
configurations [6, 7, 9, 10]. The localized positron state
is highly non-spherical (anisotropic) in these defects, fur-
ther increasing the magnitude of the anisotropy by a fac-
tor of up to 3, in contrast to the typical mono-vacancy
defects in other semiconductor crystals which exhibit at
most the same barely noticeable magnitude of anisotropy
as the lattice. Finally, the particularly low formation en-
thalpies [6, 7] of all of the Ga mono-vacancy defects in
β-Ga2O3 lead to the situation where all samples appear
to contain high concentrations (>1× 1018 cm−3) of split
Ga vacancies. This causes difficulties for positron an-
nihilation spectroscopies that are strongly comparative
in nature and require a well-defined reference samples,
preferably one that does not show positron trapping at
any vacancy type defects, for detailed defect identifica-
tion.
In spite of all the difficulties in interpreting positron
annihilation data caused by the colossal anisotropy of the
Doppler broadening parameters, there is a possibility of
taking advantage of the phenomenon. We suggest that
positron states can be differentiated by the differences in
the nature of the signal anisotropy. This can be achieved
by performing experiments in more than one directions
and analyzing the shape of the Doppler broadening by
using multiple integration windows for the S and W pa-
rameters. Importantly, the signal anisotropy must be
taken into account when performing Doppler broadening
experiments in β-Ga2O3, and the measurement direction
in relation to the crystal orientation needs to be analyzed
in detail when presenting experimental data. In future
work on positron annihilation in β-Ga2O3, it is impera-
tive to pay close attention to the measurement directions
and give detailed account of the measurement geometry.
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Appendix A
Anticipating the emergence of an experimentally well-
defined reference β-Ga2O3 sample, we show for the ben-
efit of future work the defect-lattice ratio curves for all
the defects considered in this work in Figs. 14, 15 and 16.
The ratio curves are normalized by the lattice Doppler
spectrum in each of the three directions ([001], [010] and
[100]). Interestingly, the ratio curves in the [001] direc-
tion (for all defects) appear the most ordinary in the
sense that their shapes remind those obtained for vari-
ous types of defects in GaN [50, 51] and ZnO [52, 53]. In
this direction, the shoulder-like feature around 1.5 a.u. is
the least pronounced for most of the defects. Note that
this shoulder-like feature, that in some cases resembles a
peak, is typical of metal-oxide lattices where the atomic
fraction of oxygen is higher than 50 % [44]. The origin of
this shoulder is in the strong contribution from O 2p elec-
trons in this momentum range. At higher momenta, Ga
3d electrons dominate the annihilations. The strength of
this feature could in principle be used to distinguish be-
tween the different defects in measurements performed in
a given direction, in particular in cases where maximum
value of the ratio switches from below 1 to above 1 (for
example, regular mono-vacancy vs. split Ga vacancy).
In practice, however, the reliability of this identifica-
tion criterion is hard to assess as this is the momentum
range where the functional shape of the Doppler spec-
trum changes from Gaussian to (sub-)exponential and
the detector resolution plays a significant role [41]. Com-
paring the differences in the anisotropic behavior of the
defects remains more reliable an approach in β-Ga2O3.
The shoulder/peak feature at around 1.5 a.u. is at the
origin of the S parameter decreasing below that of the
β-Ga2O3 lattice for some of the defects. In addition, it
dominates the signal intensity of the W parameter region
as seen from the grey shaded areas in Figs. 14, 15 and
16. This suggests that the difficulties with the overlap
of the lattice and vacancy signals could be mitigated to
some extent by modifying the (S,W ) parameter integra-
tion windows for improved differentiation, at the expense
of statistical accuracy. In the following, we consider al-
ternative (S,W ) parameter integration windows shown
with the dotted lines in the ratio curve plots. The win-
dows are changed from [0, 0.45] a.u. to [0, 0.40] a.u. for
the S parameter and the lower limit of the W windows
is shifted from 1.54 a.u. to 2.0 a.u. The upper limit of
W parameter was not changed as the momentum distri-
bution intensity is almost negligible already at 4 a.u.
Fig. 17 shows the (S,W ) parameters analyzed with
the alternative windows, normalized to β-Ga2O3 lattice
in the [001] lattice direction. The effect of changing the S
parameter window on the relative S parameters is min-
imal. The removal of the shoulder effect from the W
parameter decreases the W parameter of vacancy defects
and improves the overlap situation, but not dramatically.
With the W parameter windows starting from 2.00 a.u.,
the β-Ga2O3 lattice produces the highest W param-
eter in the [100] and [010] lattice directions, providing
additional means to distinguish between the lattice and
defects. However, this narrowed W parameter window
reduces the statistical weight of the W parameter by a
factor of 3 to only about 2 % of the whole 511-keV anni-
hilation peak, making analysis less accurate. Generally,
changes in the S parameter are more reliably monitored.
Nevertheless, the future process of identifying a ”defect-
free” reference β-Ga2O3 sample will benefit from exam-
ining alternative W parameter windows to differentiate
between defect and lattice signals.
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FIG. 14: Vacancy/lattice-ratios of defects VGa1, VGa2
and V iaGa.
20
FIG. 15: Vacancy/lattice-ratios of defects VGa1, V
ib
Ga ,
V ibGa-1H, V
ib
Ga-2H and V
ic
Ga.
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FIG. 16: Vacancy/lattice-ratios of defects VGa1, V
ic
Ga ,
V icGa-1H, V
ic
Ga-2H and V
ib
Ga-2H.
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FIG. 17: The (S,W ) parameters of the lattice and
vacancies calculated with alternative (S,W ) parameter
windows. The (S,W ) parameters are normalized to the
β-Ga2O3 lattice in the [001] lattice direction. The grey
shadow illustrates the (S,W ) parameter of the β-Ga2O3
lattice. The figure uses the notation introduced in Fig.
5.
